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AM I WEST I GAT I OH OF A THERMAL ICE-PRSVEHTION SYSTSH 

TOR A 3-46 CARGO AIRPLANE 

I - ANALYSIS OF THE THSRMAL DESIGN 

FOR WHIGS, SÜPEMAGE, AND WINDSHIELD 

By Carr B. Heel, Jr. 
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The design analysis showed that the thermal requirements 
for the anti-icing svetems of" the win.'S, the empennage, and 
the windshield were within the limits of practicability, al- 
though complete protection of the windshield might not be re- 
alized In'the specific application when utilising a secondary 
hoat exchanger.    • , 

INTRODUCTION 

For several years the NACA has been engaged In a re- 
search pror-ram to investigate the feasibility of utilising 

." 
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tie warte heat of airplane engine exhaust rap 
parts of an airplane that require protection 
•ten of Ice In order to provide safe and effi 
of •he alrolane in icing conditions. In this 
Icing ret..o.l, the heat of the exhaust gases 1 
air In suitable heat exchangers located ad Jar 
engines, and the heated air In then circulate 
alrnlano so that It passes alon* the inner su 
fected parts. The method ha 3 hern domonstrat 
In successful applications to a Lockheed 12A 
Consolidated B-24E airplane, end a Boeing 3-1 
(referencee 1, 2, and 3, respectively). Thes 
vere made at the Committee's Amos Aeror.autlca 
Moffett Tlold, Calif. 

ea to heat those 
from the forma- 
clent operation 
thermal antl- 

s trenemitted to 
ent to the 
d through the 
rfaces of af- 
ed to he sound 
airplane, a 
7P airc'ane 
e applications 
1 Laboratory, 

As a continuation of this general research program on 
aircraft Ice proventlon, the laboratory has undertaken a com- 
prehensive investigation to develop a thermal Ice-prevent 1 on 
system for a Curtles-Wright C-4S cargo alrolane.  The inves- 
tigation conslst3 of a design analysis of the heat anti-Icing 
system, design and construction of the exnaust-gas-to-air 
heat exchangers, fabrication and instrumentation of the com- 
plete system, and performance tests of the C-4E airplane 
eaulpped with the thermal Ice-prevent ion system under dry air 
and natural icing conditions. 

Thi 
vest l*:at 
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wlndshlo 
t igation 
sat 1sfac 
before e 
pli shed . 
auest an 
Command 
of the C 

s report 1 
Ion,and pr 
ontlon sys 
Id. Empha 
because 1 
tory theor 
xtenslve a 

The lnve 
d with the 
of the U 
urtiss-Wrl 

8 the first 
dsent s the d 
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implication o 
stigatlon ha 
cooperation 

S. Army Air 
ght Corpornt 

of a series describing the in- 
esign analysis of the thermal 
wings, the empennage, and tho 
ed on this phase of the lnvee- 
ed necessary to establish a 
for t he design of the system 

f the system could be accom- 
s been undartaken at tho re- 
of th e Air Technical Service 

Foreel and with the assistance 
ion . 

TENTATIVE DESIGN OF THE THERMAL ICS-FREVEKTION SYSTEM 

A standard C46 cargo airplane, shown in figure 1, was 
provided for the investigation.  The tentative design of the 
thermal lce-nrevention system, on which the subsequent anal- 
ysis was made, was based on previous experience (references 
1, 2, and 3).  Tho important elements of the design are shown 
in figures 2, 3, 4, 5, and 5.  The existing structure of the 
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airplane  and   other  practical   considerations   Halted   various 
fa-tore   of  the  design. 

In   this design  the  reauired   supply  of heate 
the  Ire-prevention   system  was  provided   oy four   e 
to-alr   j.eat   exchanger a,   two   In   each   onglnn  nacel 
heat   exchangers  wero   located   on   the   Inboard  and 
sidle   of  the  nacelles   so  that   the  two  exhai'et-ga 
the   colloctor   rings   on   tho   engines   li.d   to   the   ox 
entrances   of  the  boat   exchangers.     On  tho   basis 
the   outside   air   was  passed  through   the   exchanger 
circulated   through  ducts  to  the   wings,   t^e   empen 
windshield.     The   exchangers   on   the   outboard   side 
celles   supplied   heated   air   to   tho  wing  outer  pan 
two   irboard   exchangers   supplied  heatod   air   to  th 
panels,   tho   empennage,   and  the  windshield.     Tho 
of  the  heated  air  as   considered,   in   the  analysis 
figure   2. 
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rib liner a« shewn In figure 3 to allow the passage of heated 
nlr fro» the leading-edge duet to the corrugation entrances. 
• :.u« the heated air passed alone the 1 end inr-e4 .•-• duct (re- 
el on 1 of fig. 3), through the corrugation gape (region 2) 
Into the space between the Baffle and front spar (region 3), 
through the holes In the spars, and from the afterbody of the 
wing (region 4) out through exit holes In the aileron and 
flap-hinge regions (region 5). 

The distribution of heated air for tne empennr..-e and de- 
tails of the leading-edge region construction of these sur- 
faces, as considered In the analysis, aro shown In figures 4 
and 5, respect lvely.  The propoeod r.or lzontal-stabilizcr and 
vertical-'lr. thermal rysten-s are similar to that of tho wing 
outer panels.  However, tho nose rib« were eliminatad entirely 
and the leading-edge ducts were formed by the corrugations and 
the baffle plate. 

The tentative windshield tha 
trated in figure 6, which shows t 
This design consists of two glase 
•tant gap between them. The exis 
are made up of two layers of semi 
rated by a layer of vir.yl -elastic 
leing-system design the heated al 
at the base of the windshield pan 
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at the top into the cabin, thus h 
ment as veil as protecting the wl 
of this s-oecial design feature, h 
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heat from the nriaiary heating air 
exhaust-gas-to-alr heat exchanger 
the ambient stream. The wlndshie 
eluded valves by means of which t 
be discharged directly Into the p 
period« when windshield hoatlng 1 

rmal system design Is lllus- 
he pilot's windshield only. 
panels spaced with a con- 
ting windshield outer panels 
tempered plate glass sepa- 

In the tentative anti- 
r entered the plenum chamber 
els, passed upward through 
er glass panes, and exited 
eating the pilot's coir.part- 
ndshleld from Icing.  Because 
owever, it was necessary to 
ing systnia a secondary heat 
bon monoxide from entering 
re of tho exhaust-gas-to-alr 
at exchanger transferred 
, supplied by the inboard 
a, to the secondary air from 
id ice-prevent ion system iu- 
he secondary he:>.ted air could 
Hot's compartment during 
8 not necossar'-. 

i 

TEST PROCEDURE 

The airfoil pressure distributions over the wings and 
the entienna-.e were obtained experimentally In flight In order 
to provide a basis in the analysis for calculating the heat 
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transfer fron the heated surfaces of the airplane to the out- 
rifle air.  This method of analysis Is believed to he a core 
rational urocedure for obtaining the heat requirements of 
thee« surfaces than the methods used In previous designs of 
aircraft thermal Ice-prevent Ion systems. 

The pressure distributions were measuro 
pressure belts, as described In reference 4. 
talned for stations 82, 157, 292, and 382 on 
of the right wing; stations 72, 127, and 172 
stabilizer; and stations 122 and 172 on the 
sections of the wing consist of an HACA ü301 
foot chord at station 0, tapering to an ü.-.SA 
of 7.1-foot chord at station 393, which Is 1 
of the wing tip joint (station 412). The wl 
has three degrees of washout with respect to 
horizontal stabiliser and the vertical fin b 
airfoil sections throughout. 

d by means of 
Data were ob- 

the outer panel 
on the right 

fin.  The airfoil 
7 section of 16.5- 
4410.5 section 

9 Inches Inboard 
ng at station 393 
station 0.  The 

oth have NACA C010 

The pressure belts were wranped around the leading edges 
of the wing and empennage surfaces and oztended back approxi- 
mately to the 20-pcrcent chord point.  Typical lnstttllatIons 
are shown In figures 7 and 8, and the water manometer used 
for indicating pressures at the empennage pressure belts Is 
shown In figure 9. 

Previous experience with slmll 
Installations has Indicated that a 
sign flight condition Is cruising e 
rangt" at a pressure altitude of 18, 
flights wore made at a nreesure alt 
engine-power setting to approximate 
plane, and the pressure dlstrlbutlo 
stations of the wing and the horlso 
talned.  The lndicatod airspeed was 
Tier hour under level-flight condltl 
cated airspeed having been determln 
distributions vere secured at 5C00 
approximately 155 miles per hour In 
assumed that at the same Indicated 
tack of the alrxilane and the alrfol 
are unchanged with variations in al 
a constant load condition.  The gro 
and crew, In flight, for all the pr 
proxlmataly 39.0CC pounds.  Curing 
manometers Indicating the pressures 
were allowed to reach equilibrium, 
photographed to record the readings 

ar thermal ice-croventIon 
satisfactory assumed de- 
ngine power for maximum 
000 feet.  The first two 
ltude of 18,000 feet with 
maximum range of the alr- 

ns for the two outboard 
ntal stabilizer were ob- 
establlshed at 155 miles 

ons.  The required indl- 
ed, the remaining rressure 
feet pressure altitude and 
dicated airspeed.  It was 
airspeed the angle of at- 
1 pressure distribution 
titude for level flight at 
as weight of the airplane 
eseure-belt tests was ap- 
the flights, the water 
at the pressure belts 

and the manometers were 
Adter each flight, the 

—— » 

XZZ&&~ 



»ACA ARB Vo. SA03 

pressure belt« were morad to the next station and the pro- 
cedure was repeated. 

SYMBOLS 

ueed: 

A 

e 

^-^^ 

Tor the purpose of analysis, the following symbol« were 

croes-sectlonal area, Bauars feet 

length of airfoil chord, feet 

specific heat of air, British thermal units per pound, 
decree Fahrenheit 

Da   equivalent diameter of a duct, equal to  4m,  feet 

f    friction factor for air flow in duets 

g gravitational acceleration, taken as 33.2 feet per sec- 
ond, second 

0    weight rate of air flow -per unit of cross-sectional area, 
pounds per second, square foot 

h    surface heat-transfer coefficient, British thermal units 
ner hour, square foot, degree Fahrenheit 

k    thermal conductivity of air, British thermal units per 
hour, square foot, degree Fahrenheit per foot 

L    distance around airfoil surface, measured chordwlse from 
O-pereent-chord point, feet 

•   hydraulic radius, or ratio of cross-sectional area to 
wetted perimeter in a duct, feet 

V    length of air duct cr corrugation, feet 

•u   Husselt number, equal to  h3e/k 

p    calculated static pressure, pounds per square foot or 
Inches of water 

p_  measured pressure differential from free-stream static 
pressure, Inches of water I 

. , .. '*-'•       ; • "• .   •jt*t" 0"*.T- '•••>••  *»*&?•?• •'••*•' v..-;: .-;-•" • 
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p. free-stream static pressure, pound* per square foot 

t pressure coefficient, equal to  Pf/q0 

q0 free-stream dynamic pressure, inches of water 

$ rate of heat flow, British thermal units per hour 

a    gas constant for air, talren as 53.3 feet per degree 
Fahrenheit 

Be  body Reynolds number, equal to  c
v
0/» « 

Re  Reynolds number, equal to  SDe/n 

s    distance around airfoil Furfaee, measured chordwlse 
from stagnation point, feet 

8 surface area, square fjet 

t temperature, decrees Fahrenheit 

T temperature, (".e»roes Fahrenheit absolute 

T specific volute, cubic feet per pound 

T   local ambient-air velocity outside the boundary layer, 
feet per second 

Ti   airplane indicated alrspued. ffiilos per hour 

•.   free-stream velocity, fc^t per second 

w   weight rate of air flow -per corrugation, pounds per hour 

Wa  weight rate of air flow, pounds per hour 

X   distance alon*; chord lino, meaGured from O-percent-chord 
point 

V    density of air, pounds -ner cubic toot 

8    boundary-layer thickness, feet 

X   constant dependent on shape of boundary-layer velocity 
profile 

•pP»  5 ! _,'  -55 - •*  ••  —« ' 

.  "T^nsea 'A^f1 
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I»   absolute viscosity of air, pounds per seeond, f«*% 

«    kinematic viscosity of air, equal to |*/>,  square feet 
per second 

»or the sake of clarity, other symbols, not presented 
her«,will he defined when Introduced. 

The value« of cp, v., and k for air, subsequently 
ueed In the calculations, were taken from figure 10, which 
contain« plot« of data obtained from reference 5. 

h 

<• 

Use of Subscripts 

The temperature, pressure, and specific volume subscript 
numbers refer to the temperature, the pressure, or the spe- 
cific volume of the region to which the numbers apply (figs. 
3 and 5).  Thus, the temperature of the air In a corrugation, 
region 2, will be designated a«  t3l  the static pressure as 
pa,  and the specific volume as  va. 

Two subscript numbers refer to the flow of heat from one 
region to another.  Thus, the heat-transfer coefficient for 
the air In a corrugation to the wing surface will be desig- 
nated as  h 

8—6 

The subscript  av  refers to average conditions. 

ANALYSIS OF WING AND EMPENNAGE THERMAL SYSTEMS 

Past experle 
«peolfloatlon to 
th« heated surfac 
temperature durl 
a vreesure altltu 
for maximum range 
y«ls, the require 
imatoly 100° F fo 
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air temperature, 
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Insure ice prevention Is the 
es at approximately 100° F a 
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1B.0C0 feet Tiressure altltud 
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ble moisture) at 
lng engine r>ower 
e of this anal- 
e rise of approx- 
of the »lng and the 
points was 
of 0° ? amblent- 
e, and 155 mile« 

Preliminary Investigation of the structure In which th« 
system was to be Installed Indicated that essential wing 
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structure precluded 
however, that a sntl 
without alterin» thi 
could lie made of txi 
lrner skin. As a re 
ored fixed at the et 
of the heated region 
was fixed by the loc 
percent-chord point, 
tcrmirod by avallabl 
analysis resolved it 
factors as the heate 
satisfy the design s 
consisted of the dat 
characteristics from 
clents could tie calc 
air flow rate to obt 
rise, and (3) the ca 
drops to ascertain t 
These phases arc dis 
tlons of tho roport. 

freedom of design.  An analysis Indicated, 
sfactory thermal design could te obtained 
s essential primary structure, and use 
sting die equipment for fabricating the 
suit, certain design factors were eonsld- 
art of the analysis, such as the extent 
or the length of the corrugations, which 

atlon of essential structure at the 10- 
and the corrugation size, which was de- 

o dies.  With those factors fixod, the 
self into tho adjustment of such variable 
d-air flow rate and the pressure drop to 
pecificatlon .  The analysis therefore 
orininatlon of (l) the boundary-layer 
which the external hoat-transfor coeffl- 

ulated, (2) the adjustment of the heatod- 
nln the required surface temperature 
lculatlon of the resulting air-pressure 
hat equilibrium had been established, 
cussed hereinafter under appropriate ssc- 

A trlal-and-error process was employed in the calculation 
of the thermal ar.d pressure values.  A more elegant analysis 
was precluded by the ;»reat number of variables involved and 
the complicated relationships resulting when expressed In 
analytic form. 

The analysis was Bade for the wing outer uanel from sta- 
tion 11 to station 412, for the horizontal stabiliser from 
station 47 to station 190, and for the vertical fin from sta- 
tion 112 to station 192.  The analytical study did not In- 
clude consideration of tho wing inboard oanel or the tips of 
the wing, the stabiliser, or the fin. 

Boundary-Layer Characteristics 

Th 
cient s 
the bou 
pressur 
calculi 
surfnee 
differe 
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values 
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is dependent up 
ndary layer sur 
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noes between th 
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of (1 - V)   wher 

of the external heat-transfer coeffl- 
on knowledge of the characteristics of 
rounding the heated surfaces.  The 
orded during flight tests were used to 
onts of heat transfer from the airfoil 
y layer at eac': belt location.  The 
e measured static pressures at the belt 
stn-air. static pressure were determined 
Pf.  Table I presents all calculated 

e  P = Pf/q.0.  A plot cf (1 - V)   as a 
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function of the chord In percent for wir.* station 82 la 
t:lven In figure 11.  Similar plot a of airfoil pressure dis- 
tr'Vjtlon were mrsde for each set of pressure-belt data, but 
are not presented In this report.  Values of (1 - P) were 
ta'icen frox these curves for convenient chord stations and 
corresponding values of the velocity ratio,   v/v0»  were 
calculated by the equation 

V/70 *,/l - P (1) 

which Is derived from Bernoulli's equation for fluid flow. 
Figure 12 Rives a curve of the velocity ratio thus obtained 
for flow over the wing at station 82. 
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eference 6, 

SLl =/T- r (6. - 1) (2) 

where 

Ug   local velocity at laminar separation 

Uj,   maximum local velocity 

r    ratio of  B  to  b 

6B   a function of  r 

Tor the upper surface at wing station 82, 

6 * 0.278 

b = 6.00 

1 !• i i • • ' 
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Then 

and from figure 13, 

il 

, ß. = C^lZi = 0.0463 
b   6.0 0 

S.  = 0.906 

From fieure 18. 

then 

and 

* max _ Ü _ i ,52 

IT1 = 1.53 V0 

Hi = 0.906 x 1.52 = 1.378 ' 

Thus, by extending the ilecr. asln.; velocity curve beyond the 
limits of tho graph shown In figure 12, It was found that 
separation occurred at  s/c x 100 • 27. 

TrPnsition froir laminar to turbulent flow over tho air- 
foil pur faces wan ccnBiderod to take place at the laminar- 
seraratlon point.  In all casts, the separation point was 
established well aft of the region to be heated.  Since 
tho boundary layer was found by the calculations to bo 1am- 
  "  mat, the method presented in reference 

7 wa --•-. *u„ v•>n(«Tv.iayer thickness.  The 

tho boundary layer was rouna u,y »•.. 
inar over tl.e heated aroas, the method presented in refer 
7 was used to determine the boundary-layer thickness.  Th 
equation for boundary-layer thickness  6  in the laminar-flow 
region, as riven in reference 7, is 

/ «.17 • 

J   80     *(£> 
.        5.3c3   /  iiM 6  • TT WnJ 

I 
where the subscript  i  denotes the point on the airfoil sur- 
face nt which the boundary-layer thickness is being computed. 
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'he   evaluation   of (n)    ' (I) was   Binde   graphically  In 

each   cape,   using  cvrve*   of  the   functions   of  velocity  ratio 
similar   to   those   shown   in   figure   14.     The  values   of  the   con- 
stant     5.3cS/Hc     were   determined   from  the   true   airspeed   and 
the   chord   length. 

For   win«   station   82, 

14.51   feet 

The   indicated   airsoeed   deviated   slightly   fron   the   desired 
value   of   155  miles  per  hour during  each   flight   when the   pres- 
sure-belt   data  were   recorded.     The   indicated   airspeed  was   151 
miles  per   hour   during  the   flieht   when  belt   data   were   obtained 
for   station   82.     Correcting  the   indicated   airspeed   to   free- 
rtreatn  velocity,   using  tne  reciprocal   square   root   of  density 
ratio  at   18,000  feet   pressure   altitude,   gives 

V0  =   1.325  Vt   •   1.325  x   151   =   200  miles  per  hour 

=   293.5   feet   per   second 

At   18,000  feet  pressure   altitude   and   0    F   free-air  tempera- 
ture, 

KT 
1058 

53.3   X   460 
0.0431   pounds  per   cubic   foot 

Fror,   figure   10, 

Then 

1.104   X   10        pound      per   second,   feet   f\t   0     F 

V  =  TZ K —*---  =   O.C00256   square   foot   per   second 

S, = 

0.0431 

14.51 X 293.E 

0.0C0256 
= 16.64 X 10 

and 

5.3c' 5.3 x 14.51 

16.64 x 10* 
0.0000671 
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Since  the  value   of     6     1«   Indeterminate  at   the   stagna- 
tion point,   the  following approximation  recommended  in  refor- 
once  7  was used: 

5HC   c 
(4) 

•tag 

where     r     1B  the radius   of  curvature  at   the   stagnation  point. 

Tor   win«   station   82, 

r   =  5.26   inches 

and. 
14.51 

6 •    x s   7.55  X  10 
staff       c   w   1c   Cil   w   lfl8 5  x   16.64   x  10" 14.51   x   12 

stag 2.76   x   10" feet 

The values *f r were approximated from the air foil-sect ion 
loft lines. A curve of the calculated boundary-layer thick- 
ness   for   wing   station  82 is   shown   in  figure   12. 

Calculation   >f Heat-Transfer   Coefficients 

The   coefficient   of  cor.veetlve  heat   transfer   from a 
heated   surface  to  the   laminar   boundary  air   layer   can  be   ex- 
pressed   as   a   function   of  the   boundary-layer   thickness   by   the 
equation 

h._„   = ¥• (5) 

The value of  X  was considered to be a constant (0.765) 
from the «tarnation region to the minimum pressure point, 
and then was considered to decrease linearly from C.765 to 0 
at the laminar-separation point.  (See reference 7.) 

Since the indicated airspeed varied slightly for each 
flight when pressure-belt data were obtained, the calculated 
values of  n.-_7  were corrected to give corresponding values 
at the design airspeed, 155 miles per hour, by the aquation 

Air»: 
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'••. -yl. (6) 

A tabulation of th« r 
enl- •;••'•• the bo".ndar 
transfer coefficient, 
table II. The curves 
ternal heat-trarsfer 
are presented for sJi 
gated In figures 15 t 
oe sj'ir.ffetrieal over t 
fJcicnts were salcula 
uree 22 snd 33. The 
nal heat-trnr.sfer co>> 
] pndi:ig. edge radiue d 
127 of the horizontal 
lated :ea*.-tr-.nsfer c 
It is believed that t 
for station 127 of th 
higher air velocities 
slipstream. 

esults of intermediate steps taken to 
y-laypr tnickness ai.d tho external heat- 
for ving station 82  .* s prseonted In 
of calculated values of corrected ex- 

coefficients f i OJJ the pros sure-belt data 
King and empennage s tat Jo: s invest 1- 

o 23.  Because the flow «as ass'imed to 
he vertical fin, the hear-transfer conf- 
ted for ono eido only, as shown In fig- 
cirves show that in all cases the exter- 
fficient increases as the chord and the 
ecrease, with the exception of station 
stabilizer, at which point the calcu- 

oeffieient is highest for the stabiliser, 
his increased hoat-transfor coefficient 
e stabiliser is due to the effect of the 
in this region caused by the propeller 

Air-Flow and Heat-Flow Calculations 

The weight of air required to produce the 
temperature rise was evaluated or. the basis of 
fixed dimensions and coverage of the corrugatlo 
allowable Inlet-air temperature.  The condition 
exist for the establishment of a satisfactory f 
tlon through the system, are that the pressure 
all streamlines must be equal and that the skin 
rise must provide Ice protection.  Pressure equ 
the system was established by calculating the 1 
corrugations at the wing-root and win^-tlp sect 
Justing the baffle position to provide spanwlse 
equal to the difference between the twc chordwi 
losses. 

desired skin- 
tentatively 
ns and the 
s, which must 
low dlstrlou- 
losses along 
temperature 
lllbrlum for 
osses in the 
ions and ad- 
duct IOSB 

ue corrugation 

Tor  the calculations to determine the required heated- 
nlr flow to -produce a desired temperature rise, the leading- 
edge region was divided Into three segments as follows:  0- 
to 3-percent chord, 3- to 7-percent chord, and 7- to 10-per- 
cont chord.  Since the corrugation passages were of constant 
cross section, the exact value of tho design skin-temperature 
rise (100° T)  could not be established at all points on the 
leading edge - that is, some variation was unavoidable.  The 

äv»~3 
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procedure   followed   wac   to assume   100° T rise  for  the   skin 
from 0-   to 3-percent   chord,   calculate  the required heated- 
air   flow,   and  then  determine  the  temperature  rise  aft   of 3- 
percent   chord  produced   by that  air   flow.     After   «at 1 sfact ory 
air  flow«  were  established for the  corrugation   passages at 
the  wind  root  and   tip,   the  baffle  location  was determined. 
The  establlshracnt   of pressure  equilibrium,   which  was accom- 
pllshod   by a  trlal-and-error  method,   required   slight   ch»a«<:« 
In  the heated-air distribution  which,   in  turn,   produced 
changes   in  the   skin-tenperaturc  distribution.     These   changes, 
however,   were  not   excessive and  the  final   skin  temperature« 
all   wore  approximately equal   to   the  design  requirement.     The 
detailed  application   of  the  general   proce.iuro   outlined  above 
for the  wing outer-panel  and  empennage lending-edge  systems 
is presented  in   sufficient  detail   to  illustrate  the process; 
the  remainder   of the  analysis  Is  presented   in   tabular  form. 

First   approximation   of required  hoatod-alr  dlstrlbut ion.- 
The  first   calculation   consisted  In  establishing the heated- 
alr  flow required at   two  stations,   one  at   tho  wing root  and 
one  at   the  wing tip,   to  produce  a   skin-temperature rise  of 
100° F from  0-  to 3-pereont   chord.     Considering the  flow  In  a 
passage   formed  by a   single corrugation  on  the upper  surface 
at   station  82,   the  heat   flow from a  1-lnch   strip  of skin  to 
the  ambient   air  must   be   balanced   by an  equal   flow  of heat 
from the  air   in  the  passage  to  the   skin,   or 

J>*-T     »(*. t7) = h8>a sfta - t.) (?) 

On the basis of previous experience, It is believed that the 
maximum safe operating temperature for air In contact with 
alumlnua-alloy structures Is between 300° and 400° F,  Con- 
sequently, the air-temperature rise above arblent air from 
the heated-air source was assumed to bo 300° F.  If a 10° 
air-temperature drop is assumed tetveen the heated-air source 
and station 82, the temperature of the air at the corrugation 
entrance will be 290° F.  The air-temperature drop through 
the upper corrugation from 0- to 3-pcrcent chord was found by 
trial and error to be 87° F.  Therefore, tho averago tempera- 
ture of the air In the corrugation will be 

«*K 2S0 M7 
9 

246° F 

Since the design free-air temperature  t7  is 0° F, the re- 
quired skin temperature  t8 will be 100° F.  The average 
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external heat-transfer coefficient *e-T for the 0- to 3- 

percent-chord upper surface, obtained by graphical Integra- 
tion fror, figure 15, le 15.1 Btu per hour per square foot, . 
degree Fahrenheit.  The reoulred Internal heat-transfer coef- 
ficient, as obtained from eauatlon (7), Is as follows: 

*.-. y»(t« s> 
*• -«. 

(•:) 

Substituting the above values Into equation (8) gives 

15.1  x   (100  -  0) 
246  -   100 

10.34  Btu  per   hour,   square 
foot, degree Fahrenheit 

The equivalent diameter for a corrugation Is 0.0192 foot. 
Usln? the value of thermal conductivity for air at 346° F 
obtained   froir.   figure   10,   the  Hue seit   number   Is 

Nu • h*-° D« = 
1c 

10.34 X 0.0192 

0.0193 
10.30 

The   corresponding Reynolds  number   Is   taken  from   figure   24, 
which  gives  the  Reynolds  and  Nusselt   number   relationship   ob- 
tained   from  figure   76,   page   171,   of  reference   8   for  the   flo* 
of  air   Inside  pipes. 

w. 
Re =   2.50  x   10' 

Using  the  value   of  absolute  viscosity  for   air   at   246°  F   as 
obtainod   from  figure   10  gives 

G  =   2.50  x   10J 1.51   x   10~B 

0.0192 
• 1.965 pounds per second, 

sou.ire foot 

The cross-sectional araa of a single corrugation is 0.000651 
square foot.  The weight-rate flow of heated air required to 
raise the temperature of the strip of skin analyzed 100° F, 
then, is 

• G x A = 1.965 x 3600 x 0.000651 = 4.61 pounds per hour 
per corrugatio per corrugation 

' 

•*•**: 

~J**»*J 

. .^gs^- 



1TA.CA  ARB   No.   5A03 17 

To check tne heat balance, the total heat transferred from 
the strip of skin to the ambient air le assumed to be equal 
to the total heat removed from the heated air In passing 
through the corrugation fror. 0- to 3-percont chord: 

h6_7 S(t6 - t7) wcp Ata (9) 

where  S • L/12  for a single corrugation.  The value of  L 
Is obtained from figure 25.  Then 

h
6-7 n (t« - t->) 

and 

• 15.1 x °'?74 x 100 = 97.4 Btu per hour 
13 y 

wc_ At2 a 4.61 x 0.24? x 87 = 97.0 Btu per hour 

Similar calculations were made for the wlr.c upper surface 
*it station 382.  The alr-teunerature droo from stations 82 to 
382 was assumed to be 30° 7,   which on the basis of flight data 
from similar designs appeared to be a reasonable value.  Based 
on this assumption, the temnerature of the air entering the 
corrugation then will be 260° 7.     The air flow nocossary to 
raise the skin temneraturo 100° T for the 0- to 3-percent- 
chord section was found to be 7.01 pounds per hour per corru- 
gation.  The analysis was eor-oleted for the unper corrugations 
of wing stations 82 and 382, using the previously established 
air-flow rates to determine the temperature rise of the skin 
aft of the 3-percent-chord point. 

The alr-uressure drops through the uppar corrugations at 
stations 82 and 382 were calculated for these air-flow ratos, 
using the equation 

<•, 
Pi •  

**> NS 'av 

I 2gm 
(10) 

which is a form of equation (22c), pa<;e 138 of reference 8, 
where the subscripts  l  and  3  reprusent the regions shown 
in fi^ureB 3 and 5.  The values of the friction factor  fav 
were obtained fron figure 26, which Is taken from figure 51, 
•pir.e   118 of reference 8.  It was found that the pressure loss 
through the corrugation at station 382 was greater than that 
at station 82, and therefore this air distribution never 
could be obtained with the same size of corrugations at the 

••^2Ss£5 
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two stations.  Consequently, the eurface temperature for the 
section from C- to 3-percent chord could not ce raised ox- 
eetly 100° 7  simultaneously at the two stations.  Previous 
exporlor.ce has shown that after en approximate required value 
of air-flow rato has been found, based on the design skln- 
temporature rise, the actual air-flow rate which will give 
pressure equilibrium Is most readily established by assuming 
air-flow rates, checking pressure drope by an approximate 
method, and then calculating the skin-temperature rises. 
This procedure, therefore, was followed for the remaining 
wing-outer-panel calculations. 

Recalculation of heated-air distribution.- The approxi- 
mate method of determining the pressure loss In the corruga- 
tion passages consisted In using the second term only of equa- 
tion (10), since the first term Is of minor Importance and 
can be introduced as a refinement of the final calculations 
without affecting the results to any appreciable extent. 

For the upper corrugation at wing station 82 an air-flow 
rate, based on the preliminary calculations, of 5.00 pounds 
per hour wis assumed.  Then 

&   = I =       5.00  
A   0.000651 x 3600 

a 2.13 pounds per second, square foot 

Based on this air-flow rate, the air-temperature drou in the 
corru-ration from 0- to 3-pereent chord was found by trial to 
be 84  ?.  Then the average air temperature is 

<ta) 290 - £i = 248° F 
2 

1 

Using  the   value   of  absolute  viscosity   for   air  at   248°  T,   ob- 
tained   from   flguro   10,   the  Reynolds   numbor   Is 

Ke   = &£e   _   2.13  x   0.0192 
U     =     1.52  X   10*B 2.69   x   103 

and   from   fl^re   34 

Vu hP_, 
10.9 

Using the value of thernal conductivity at 248  S", obtained 
from figure 10, the availaole internal heat-transfer coeffi- 
cient is 

• 

•S& 
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h,_a = 10.9 x 0.0193 m   1C 96 Btu pep hourj gquar« foot. 
0.C192 decree Fahrenheit 

from   figure  15, 
ht_T   •   15.1  3tu  per   hour,   square   foot,   decree  Fahrenheit 

The   average   akin-temperature   rise   1B   calculated   from  the   fol- 

lowing  eauatlon: 
te = —sr6   3 (u) 

ha-e * h6-7 

which Is reduced from equation (?) when  t? = 0  F.  Thus, 

m   10.96 x 248 m   104o f 

10.96 + 15.1 

To check the heat balance, the total heat transferred from 
the 1-lnch strip of sVrln to the ambient air Is assumed to be 
equal to the heat transferred from the heated air In travel- 
ing from 0- to 3-percent chord (equation (?)).  Substituting 

appropriate values gives 

and 

wc, &ti 
5.00 x 0.242 x 84 = 101.6 3tu por hour 

which show thit thermal equilibrium has been established for 

this section. 
Repeating the calculations for the sections aft of 3- 

percent chord, using the values of external heat-transfor 
coefficient from figure 15, the skin-temperature rises shown 
In table III for the upper surface at station 82 were ob- 

tained . 
For an upner corrugation at station 382 the entering air 

temperature was assumed to be 260° F and the air-flow rate to 
be 6.20 pounds per hour »er corrugation.  The resulting skln- 
temnerature rises were calculated and are presented in table 

XXX. 
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Calculate   rr 
_—    V» nut 

(*a\otal 
.  4130 pound, -er  hour 



•:\ 

l So.   6*03 he8t   eX- 

...r.tu».  riM i»SSrt   output   ..» 

-   (300   /'•   foliow«: __  ^r hou 

B*c. *» ••• 5A°3 

°U0¥S: 301   000 Btu per  hour 
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s.n4 
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KT          53.3X^607..   30.6   cu,i0^

perl 

 * •    1058 

'av 

,M.  feet  per _  34.2  cuUic  T 
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The  value   of    (—*) for  t^.e  upver   corrugation at   station 
>   •*   'av «« 

82 was  aisucei  equal   to  the  value   of     f—2.J     for the   central 

region,   3 vercont   to  7  percent,   which  from table III   1* 

,GD 
2.88   X   103 

Troa  figure   26, 

f  =   0.0114 

The  value   -jf     H     In  the   case   of   the   corrugations   Is  equal   to 
L,     and   Is  taken  from  figure   25.     3"or a   single  corrugation 
a  •  0.C045   foot.     Then  the  pressure  drop  from region 1  to 
region  3,   nogloctlng  entrance  and  exit   losses,   from equation 
(10)   1» 

2.132   (30.6  -   37.8)        0.0114 x   1.893  x   2.13*  x   34.2 
P,   • 

2  x   32.2  x   0.0048 32.2 

=  -1.015  +  10.85 

-   9.84   pounds   r-ir   square   foot   or   1.89   inches   of   water 

at 
Similar   calculations  were   r.ade 

station   82 with  P   flow rats   of   5 
for  the   lower   corrugation 

j.P.C pound» pe»   hour  tier 
corrugation.     The   air-pressure   drop   through  the   corrugation 
was  found  to  he   1.90  inchee   of  water,   which   is   substantially 
the   aane   as  the  value   for  the upper   corrugation,   Indicating 
that   pressure   equilibrium  for   the  uptier  and  lower   corrugations 
has  been  established. 

Repeating  the   calculations   for  wing   station  382,   the 
pressure  drop  through  the upper   corrugation  was  fctnd  to  be 
1.32  inches   of  water  with  a  flow  rate   of  6.20  poundr   per   hour, 
and  1.35  inches   of  water   through  the  lower   corrugation  with  u 
flow  rate   of  6.70 pounds  per  hour.     A  tabulation   of  the  pres- 
sure-drop   calculations   for   the   four   wing   stations  anal/zed   is 
presented   in  table   IV. 

Alr-pregr.ura  (Iroo  through  wing  leading-edge  duct.-  The 
alr-prosBura-drop  calculations   for   the  wing  and   empennage 
leading  edges  were  based   on  the   assumption  thst   the  air   trav- 
eled  through  a   smooth  duct   formed by  the  baffle  plate  and   the 
leadlng-edgo   corrugations.     In  ths   case   of  the  wing,   the 

• 

*«3*-' 
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lending-«d ",e dust was consider«.', to be f erred b.- the baffle 
plate and the nose-rib llnar for the sort ion of span Inboard of  station   392. 

Usln.»   figure   28,   the   average   ilr-flcv  rate   from   station 
11   to   station   83  for  the  wing  Is  5.0u pounds  per hour  per   cor- 
rugation   for   the  upper   surface  and   5.15 pounds  per  hour  per 
corrugation   for  the   lower   surface,   or a  total   average   of 
10.15 pounds  per  hour  per   corrugation.     Since   there  are   five 
none rll s  between   stations   11   and   82,   the   total   air   lost 
through   the   corrugations   from  station  11   to   station  82  Is 

10.15  x   [(82 -   11)  -   5]   =   870 pounds  per  hour 

Then   the   air-flow  rate   In   the   leading-edge   duct   at   station   82 is 

4130  -   670 -   3460  pound,  per   hour 

If°sra?Lne83:ne-ed^dUCt   «—"—  «.   given  1„   figure   29. 

Then 

A   =   0.458   sauare   foot 

m   •   0.160   scuiare   foot 

3460 0  =   ^ .  _   
A 3600  x   0.456 

De   =  4m  =   0.64   foot 

-   2.10 pound .i   per   second. 
squire   foot 

Vhen 

ti   =   ?90° T, 

and 

He 

Jrom  figure   26, 

f  =   0.00433 

RT 

2h 

1.59 x 10   pound  per second, foot 

3.10 x 0.54 
1.53 x  HF» " 8-50 x 10 

(v,) 
IV 

,   53.3 \ 750 
—i u ,TT^S • 37.8 cubic feet uer pound p0      1058 

. 
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To  calculate  the «ir-press".re  drop,   equation   (10)   was used. 
Since   the  air-temperature  change   Is   snail   through  the   incre- 
men* E   of  duct   analyzed,   the   fir et   term  may  he  neglected. 
Then  the  pressure  drop at   station  82  for   1   foot   of  span   is 

4P, 
fHCs  T, 

U 
I •• 

0.00483   x   1  x   2.10*  x   37.8 

2 x   32.2 x   0.160 

*  0.0731   pound  per   square  foo*   per   foot   or   0.01501 
inch   of  water  per   foot 

Repeating the   calculations   for   several   other   stations,   as 
rhown  in   table   IT,   plotting the   results   (fig.   30),   and   inte- 
frntlng  the   area  under   the   curve   from   stations   82  to 382     re- 
sults   in   a   total   air-r.rep =ure  drop  through  the   leading-edge 
duct   between  these   stations   of  0.52   inch   cf  water.     For   equi- 
librium   conditions,   the   air-pressure  drop   through   the   corru- 
gations   at   station  82  must   be   equal  to   the  air-pressure  drop 
through   the   leading-edge  duct   from   stations 82  to  382  plus   the 
air-pressure  drop  through  the   corrugations  at   station  382. 

(P, »3}.a "   (t**Ku t< <P, P3   sea 

From the calculations, 

Cp, - P.) 
f - 

1.90 Inches of water 

(AP,)„ t, + (P: P3>. = 0.52 + 1.34 1.86 inches of 
water 

which shov that pressure-enuillbrlum conditions have been 
adequately established.  Since (pa - p3)Pa  is slightly 

greator than  (Apj) 
B2    tO     3 63 +    ( Pi '    JB"' a   slightly 

greater  air   flow  through  the   corrugations   near   station   382 
might   be   expected,   with  a  corresponding  slight   Increase   In 
skin-temt>erati:re   rise   in   the   region   near   the   wing tip  which, 
as   seen   from   tablo   III,   is  desirable. 

A   comparison   of  the   pressure-drop  difference   of  the  air 
passing through  the   corrugations  at   the   four  wing  stations 
with   the   a 1 r-pressx-.ro  drop  through  the   leaftln^-odgj  duct,   with 
station   82  as  reference,   is   shown   in   figure   31.     The   shape   of 
the   alr-flow-distribution   curve«   (fig.   28)   denends   on  these 
two   curves.     When  pressure-drop  equilibrium  has  beer,  estab- 
lished,   the  two   curves   of  figure  31   should   coincide,   since 

•r,t-, . 
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the alr-'O'-eseure-dr on difference of any two corrugation« aust 
enual the ^ir-urttiur« drou through the leadtne-edge duet be- 
tween these two joints. Tro» the curves ehown In figure 31, It 
1? evident that the a*r-flow-dlstrlbution curves should he 
slightly less -i:.cnve In order to establish equilibrium. 

method of calculating the air and heat flows and 
drer.s for the horizontal stabiliser and vertical fin 
same a" for the wing.  A leadlng-edgc-duct air tem- 
of 27C° F was assumod at horlsontal-stablllicr sta- 

and at vortleal-ftn station 122.  The general dinin- 
the horlsontal-stablllzer leadin <--edge theraal sys- 

sed In the calculation« are giver. In figures 32 and 
stabilizer air and heat fl.vs and skln-temnurature 

a presented In table V and figure 34, and the air- 
drops are rir o sonted In table VI and figure 35.  The 

dimensions of the vortical fin as used In tiio caleu- 
aro given In figures 36 and 37.  The fin air and heat 
d skln-teaper«ture rises are presented In tablt VII 
re 38, and the air-pressure drops arc «resented In 
T and figure 39. 

The 
pressure 
ws r thn 
•cera tura 
t Ion 78 
slons of 
t em as u 
33. Ti. - 
rises ar 
pros sure 
general 
latl ons 
flow s en 
and flgu 
tabl e VI 

AIR-HBATSD-WINDSHIELK DESIGN 

Tho approach to the rilr-heated-wlndshield design was dlf- 
foront frer/ that used In the analysis of the airfoil sections. 
Since t^e value of the external hent-trincfer coefficient for 
the windshield surface was not known, the method outlined In 
rofereuco 9 was used and a specified hoat flow through the 
windshield outer oanrl was established as the heat requirement 
for lco mrüvontion. 

As in the analysis of the wings and empennage, certain 
factors were fixed and an attempt wan made to vary the remain- 
ing factors to satisfy ti.e design reauirement•.  The fixed 
factors consisted of the windshield area and shape, vhile the 
variable factors consisted of the heated-air tecperature, the 
flow rate, and the cap thickness.  Consideration of the 
strength of the glass and the ooafort of the pilots limited 
the heated-air teiieratur» to :• na.xlir.ua. value of about 200° F. 

The necessary heat flow through the windshield outer 
panel was taken as 1C00 Btu per hour T.er square foot, as rec- 
ommended in reference 9.  The outer nan a I consists of two 
layers of seiri-t esuer ud plate -lass 0.1095 inch thick each, 
separated by a layer of vinyl plast-ic 0.J25 inch thick.  The 
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thermal conductivity of the /rlass was ta'-.en as 6.6? 5tu per 
hour, eav.are foot, degree Fahrenheit per inch and the thermal 
conductivity of the plaetlc was assumed to be 1.35 Btu per 
hcur, «quire foci, degres Fahrenheit per inch, although this 
value Is not considered accurately established.  The thermal 
conductance  C  for the outer panel was calculated from eoua- 
tlon (3) of reference 9; 

C = —• 

»1 + —1 + -2 

(12) 

where  t  designates the thickness and  K  the thermal con- 
ductivity of each of the three "-yers.  "'en 

1 

0.1095 x 2 + 0.125 
6.67        1.86 

= 7.54 Btu per hour, sauare foot, 
decree Fahrenheit 

In order to obtain the raauired heat flow through the outer 
panel at the outer-surface temperature of 50 as specified 
In reference 9, the Inner-surface temnerattira must b< 

*l = 
1000 + 50C (13) 

which for the subject wlndehleld Is 183° F.  As was stated 
previously, the heitrd-vindshleld design Included a secondary 
heat exchanger which would transmit the heat of primary heat- 
inc air from the exhaust exchangers to secondary air for 
windshield and cockpit heating.  Calculations using the method 
of reference 9 Indicated that no practical double-panel design 
which would give tho renuired heat flow va? posrlbie with the 
heat available from a secondary heat-c-xchar.ger installation 
that used the remaining heated air from the Inboard exchangers 
after supplying tho empennage system.  The secondary exchanger 
installation was necessary, nowever, in order to supply cock- 
pit heated air free from carbon-monoxide contamination in the 
evont of leakages In the exhaust exchangers.  The windshield 
lnstallaticn finally adopted ccr.rlsted o* (1) t? e double-panel 
arrangement which would orovid- the optldUD heating for tho 
allowable pressure drop thrcu-.li the rap, and (2) a means of 
discharging the primary air from the secondary exchanger over 
the outer surface of the windshield.  In ordar tc provide for 



HA CA. AP.K  So.   5A03 

In the air-pressure-drop calculations, the 
entrance and exit losses were neglected. In tfc 
wing, the pressure drop of the air traveling fr 
rib-lir.,_r duct to the corrugation entrances waa 
well. Since the purpose of the pressure-loss c 
«A« to «letermlne the air-flov distribution whlc 
during flight, neglecting the entrance and exit 
change the air- and heat-flow calculations only 
The air velocities In the corrugations at the t 
higher than in tho corrugations at the root reg 
qvtntly the entrance and t-x.lt losses would ho h 
tip regions than at the root sections. The nlr 
throagh these corrugations, therefore, «Guld pr 
than calculated. The curve of friction factor 
the calculations of pressure drop le Intended f 
flew, a* stated In reference 8, hut was assumed 
hie   for   the  pclytroplc   flofs   of   the   analysis. 

corrugatlon 
e  case   of  the 
on the  nose- 
neglected  as 

aT cila*. Ion« 
h would  result 
losses  would 
slightly, 

lp regions  are 
Ion«;   conse- 
l~::er   In  the 
-flow  rates 
ohahly  be   less 
f    as ueod  In 

or   Isothermal 
to  he   sulta- 

ÜIGW3R T2STS   OT  WINO L2ALIH&-MÖS  THWAt   SYSTSM 

Upon  completion   of  the right-wing leadlne-edge  thermal 
system,   blover   t-sts   of  th-a  leallng  adge  we?e      ^r. due tod  to 
obtain  1 sot'..«»r;nal  air-flow data  to  üoti roiln-j   the  desirability 
of  lnstnlllni» a nose-rib  liner. 

• 

A  blower   waa   connected to  the   leading-edge   duct   with  a 
venturl   meter   installed  to  obtain  the  air-flow  rate.     With 
approximately  the  required  air-flow rate   of  the   analysis   sup- 
plied  to   the   leallng-odgo   system  by  the  blower,   the  total 
pressure   of  the   air   out   of  representative  up-cer   and  lower 
corrugations  between   enclr nose-rib  bay  was  censure«',  by  r.esns 
of  a   survey  tube   connected  to  an   open-end  manor, -tur.     ?r*-ro 
these  total pressures,   the  air-flow rates  In  tho  corrupt ions 
wore   calculated. 

A bio 
Installed 
It waa fou 
duct was e 
through th 
nose-rib 11 
liner to g 
they suppl 
curve then 
tion curve 
the   calcul 

w.:r   tost,   was 
in   order  to  d 
nd  that   the  p 
xcueslve  and 
e   corrugation 
nor   war,  then 
ivo   a-ooroxiua 
lod.     Test 3  w 

compared   fa-\ 
A  comparla 

a'ed  curve s   1 

first   mad a   without   the uose- 
et ornir.e lf  a  lirer  wiuli  b 
res sure   d rop  aion*  the   lead 
prevented the  desired   flow 
s  In tho r eg] on  of   stat lo.. 
Installed end holes were  cu 
tely  tho jars  area  as  the  e 
ero aado r.nd  the  alr-flow-d 
orably  wi th  the   calculated 
on  of the curves   of   the   t*ro 
t.   shown  1 n  figure  44. 

rib  liner 
e  necessary, 
lng-edge 
of  air 
382.     The 
t   In tho 
orrugatlona 
letribution 
dlstrlbu- 
teets   with 
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circulation of air through the secondary exchanger and wind- 
shield system by the dynamic pressure of the free stream, 
tho allowable pressure drop through the windshield gap was 4 
Inches of water.  Based on the equations of reference 9, It 
was indicated that the optimum heating of tho windshield 
rate* panel with a 4-inch pressure drop in tio gap would be 
provided with an air-gap thickness of approximatoly 3/15 inch, 

The reason for the difficulty in obtaining the necessary 
heat flow through the outer panel was due in part to the lack 
of heat available and in part to the low thermal conductance 
of the panel.  This low conductance was caused by the rela- 
tively thick clastic layer of low thermal conductivity. 
Therefore, it is apparent that in the design of air-heated 
windshields attention should be directed to securing an outer 
nanel of high thermal conductivity. 

RESULTS AND ERRORS 

A general summary of the calculated heated-air flows, 
skin-temperature rises, and air-pressure drops for the wing, 
fcoriscntal stabilizer, and vertlcal-fln thermal systems is 
presented in figures 40, 41, and 42.  Table Till gives a sum- 
mary of the calculated heat flows. . 

Aride fron experimental errors Involved in the determi- 
nation of riirfoil pressure distribution, the foregoing treat- 
ment of the analytical problem has introduced several errors 
which should be acknowledged. 

An error was 1 
average for obtaini 

in a corrugation be 
air-temperature cha 
station 83 was made 
length. This more 
figure 43 with the 
in the analysis. T 
curves was found to 
calculations made t 
temperature   change 
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U6ing  smal 
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is  presents 

n the use 
the aver 

oints.  A 
the upper 

1 lncremen 
latlon of 
ne tempera 
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rcent.  A 
e more exa 
d in table 

of th 
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calcu 
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tabul 
ct cu 
IX 

ä arithmetic 
lr temperature 

latlon of the 
ugation at wing 
corrugation 

is compared in 
gradient assumed 
en the two 
ation of the 
rve of the air- 

The effects of radiation and conduction from the corru- 
gation walls to the leading-edge skin were also neglected. 
Kswever, since the corrugation ducts are 3/4 inch wide and 
are required to heat a 1-inch strip of skin, these errors 
tend to compensate each other. 

:-.:• ,r 

—^«-JP 
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Although  the  experimental   dl stribut ior.   curve  Is  for   iso- 
thermal   air   flow and  the  calculated  distribution   Is  for  a 
polytropic   flow,   the   teats  Indicate  that   the  desired air-flow 
distribution  will   be  approximated  at   the   design  flight   condi- 
tion e. 

DISCUSSION 

The analytic procedure Involved the employment of 
assumed atmospheric end flight conditions previously estab- 
lished as criteria in former design calculations of thermal 
ice-prevention systems.  Tests of the equipment for the C-46 
airnlnns fill help to determine the completeness of the de- 
sign Orlterla and the accuracy of the analytic methods, and 
possibly will permit their extension and refinement.  The 
calculation of heat transfer from the airfoil surfaces to dry 
atr was an expedient necessitated by a paucity of data on the 
fitor content and drop slz>.s in tho atmosphere at various 
t emneratures.  Sfforos are being made to determine fro.u sta- 
tistical researches of the atmosphero values of temperature, 
prasaure, wator content, drop size, and humidity, which may 
be used to establish the optimum design criteria for thermal 
ice prevention.  When such data have been established, the 
hoat required can re based on the combined transfer due to 
atr convection and water-drop Impingement on the airfoil sur- 
faces. 

The use of th 
distribution to ob 
-prevention appears 
thermal lce-preven 
for any airfoil ma 
lmontally. Method 
coefficients In a 
(references 10 and 
from laminar to tu 
of the airfoil. 0 
surface-temperatar 
can be made for va 
the optimum requlr 
been decided upon, 

e method of utilising the airfoil 
tain the required heat for thermal 
entirely feasible in the design o 

tlon systems. The pressure dlstrl 
y be calculated as well as determl 
B of calculating the external heat 
turbulent boundary layer are avail 
11) In the evont that the transit 

rbulent flow occurs within the hea 
nee the required heat flows based 
e rise are established, rou/rh calc 
rious thermal-system designs to de 
ed heated-air flows.  After the da 
a complete analysis can be made. 

pre ssure 
ice 

f future 
but ion 
ned exper- 
-transfer 
able 
ion point 
ted region 
en  a ^lven 
ulat 1 ens 
termine 
sl^n has 

Sx-mmir I zing, the general procedure for analysis is as 
follows: 

1. Determine the external heat-transfer coefficients 
from airfoil pressure distributions. 

C-4P 
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2. Determine the required heat flow« through the air- 
foil leading ed«ro* for a riven surface-temperature 
r 1 se. 

3. TeteriLlne the t«e«tfvry heated-air flow« and required 
heat-exchanrer output, an! correlate the air flow« 
vith the resulting air-pressure drops for a given 
thermal-system daslgn. 

Ases Aoronautlcal Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 

\ 
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TABLI I  - aFBtllDTTAL AIRFOIL PRISBURI DATA CPTil'IT) BY WAlS 
OF FMStURI EILTS TUCH  FII3HT TISTS CF THI  :-46 AZRFLASC 

Cl-P - l-pf/9o] 

cv; 

4 Station 82 

1  ' 
Station 157 

| 
Station 292           Station 382 

q0 • 11.3 In. Hi-0 q0 • 11.6 la. HgO     q, • 12.2 In HgO     q0 - 18.4 In. HgO 

pressure altitude. preeeure altitude,    preeeure altitude,    preeeure altitude. 
6000 ft 5000 ft 18.000 ft 16,000 ft 

Wlac 

Percent 
c nord '"'upper 

Percent 
CLOTi 

1 "*Upper 
Percent 
coord 

l-?Upper 
Percent 
jnord 

1-pUpper 

11.8 i.i? 14.1 2.33 14.2 r.07 19.3 1.70 
7.4 2.31 9.1 2.41 9.5 2.08 13.1 1.73 
«.T 2.24 5.9 2.38 6.3 2.00 8.8 1.66 
3.3 2.08 4.3 2.25 4.3 1.85 6.0 1.57 
1.6 1.64 2.3 1.88 2.7 1.87 3.9 1.43 
1.0 1.46 1.5 1.62 1.6 1.47 2.4 1.24 
.4 1.02 .7 1.29 .9 1.13 1.3 1.00 
.1 .58 .3 .90 .4 .79 .6 .76 

»"'Loeer 1 "'Lower .2 .55 .3 .49 

.03 .08 .04 .08 0 .14 0 .08 

.6 .27 .5 .29   1-pLoeer   »-'Lower 
1.1 .47 1.3 .54 .2 .26 7 .90 
2.1 .68 2.4 .83 .8 .97 1.4 1.23 
3.3 .85 3.8 .93 1.4 .89 2.6 1.13 
4.To .98 5.6 1.03 2.5 1.22 4.0 1.19 
6.6 1.03 7.7 1.10 3.9 1.16 6.2 1.21 
9.1 1.06 10.6 1.15 6.0 1.25 8.6 1.11 
13.0 1.16 15.0 1.21 8.4 

12.0 
17.0 

1.22 
1.24 
1.20 

11.8 
16 5 

1.16 
1.04 

"" 23.0 1.01 

Station 72 Station 127 Station 172 Station 122 Station 172 
o,, • 9.6 In. HgO q0 - 12.2 In. B3O Ho • 12.4 in. HgO q0 • 11.3 in. HgO qo • 11.6 In. HaO 

preeeure altitude. preeeure altitude. preeaure altitude. preeeure altitude. preeeure altitude, 
6000 ft 18,000 ft 18,000 ft 5000 ft 5000 ft 

Borliontal atab lllier Yortlcal fin 

percent 
CLOTi 1-FUpper 

Peroant 
chord 

1-'Upper Percent 
chord 1-Pupper Percent 

Chora »-'Left Percent 
cbord »-'Left 

13.8 1.32 18.4 1.39 22.5 1.32 7.11 1.29 11.10 1.35 
10.0 1.30 IS.7 1.42 17.0 1.10 4.78 1.29 7.49 1.44 
6.3 1.29 9 1 1.39 11.4 1.33 3.34 1.24 5.89 1.43 
4.0 1.23 6.3 1.37 8.1 1.29 2.38 1.18 3.82 1.38 
2.5 1.08 4.4 1.32 5.8 1.23 1.46 1.04 2.41 1.27 
1.1 .92 2.6 1.19 3.6 1.12 1.03 .96 1.89 1.16 
.4 .56 1.7 1.03 2.4 .99 .81 .90 1.36 1.03 
.2 .25 1.3 .93 1.9 .93 .61 .82 1.04 .93 
.01 .02 .8 .76 1.3 .82 .41 .72 .64 .74 
  l"'lo»er .4 .44 .7 .81 .11 .40 .14 .38 

.01 .14 0 0 .03 -.06 0 .31 i-tajM 

.6 .80   l-'lo«er i-'loeer   »-'Right .02 
1.2 1.13 .5 1.03 .4 1.06 ,0c .17 .7B 
1.6 1.14 1.0 1.17 1.0 1.22 .11 !H .42 .88 
2.0 1.17 1.4 1.32 1.5 1.36 .23 .69 .69 .97 
2.4 1.18 1.9 1.33 2.1 1.39 .61 .94 1.36 1.15 
3.2 1.25 2.8 1.40 3.2 1.43 1.46 1.10 2.74 1.18 
4.7 1.30 4.6 1.61 5.6 1.50 2.96 1.20 4.16 1.25 
6.3 1.34 6.6 1.60 7.8 1.50 3.79 1.27 6.30 -._- 
7.9 1.34 9.3 1.57 11.1 1.45 6.16 1.33 9.89 1.27 

12.4 1.31 12.7 1.51 16.7 1.43 -—. ._-- •••«• - .... 
16.2 1.10 17.4 1.30 ii.i 1.41         
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TABU ii.- omauiuuiou or UTIRIAL BXAT-TRA*8/« soirnciuri 

IHBII AIR/OIL msS-JM-SlVrnlB-.T.ii 6tA8URDmTS *T 
tlH STATIO« 88 Of TU 0-46 AIRN.A6I 

" 

i 

. 1               1 
• •5 o o 

r* x 
8 8 -SI*? 1 •   . •* 

6* 6M «. ,° "sr*i •     2- So- 
M 

u 
• i 5 « • *- •   •£     " ix 

• s 
a 

•v. 
9 #* 
m 

3 

S 
6—1 w 

•Jpp»r aarfset 

i8.ee 16.0 ! 8.188 1.46 8.860 0.839 3.67s    0.413 3.00 3.03 
13.77 10.0    3.303 1.53 B.0?0 .596 1 903       .674 4.60 4.65 
II. 68 6.0    3.313 1.Ö3 5 loo .511 1.633       .765 6.13 6.30 
9.54 6.0    3.391 1.51 4.340 .433 1.338         765 7.44 7.54 
7.39 4.0    3.185 1.46 3.310 .334 1 C33       .765 9.63 9.73 
6.11 3.0 j 3.030 1.43 3.880 .31?       .906         76* 13.41 10.65 
6.4? 3.6 1 1.830 1.33 3.040 .393       .660       .76. 11.30 11.44 
4.83 3.0    1.603 1.3« 3.415 .2o5       .939         765 12.00 13.15 
4.13 1.5 ' 1.600 1.29 3.1o5 .360       .748       .765 13.33 13.47 
3.3? 1.0    l.-ioO 1.30 l.t-70 .241         675        .765 14.80 10.00 
3.51 .6 1 1.140 1.07 1.070 .233       .63o         7o5 io.43 10.64 

.80 0           .350 .50 ..... -        .'66 ..... ..... 
0 .llo             .376 1    .766 36.00 Jo.50 

Lover • .-:»--- 
0.88 0.» 1 0.330 0.48 1.3M|     , 0.76S ..... ..... 
1.1» 1.0!      -..o 85 1.630 .375 .833 ,     .786 12.10 13.37 
3.41 1.5 .560 .75 3.165 .311 .818 1     .765 13.14 13.31 
3.03 3.0 .661 .81 3.W0 .£51 .793 1     .765 13.56 13.71 
3.06 3.9 .743 .86 3.793 .273 .674       .786 11.39 11.53 
4.14 3.0 .813 .90 3.064' .380 .935       .765 10.75 10.90 
6.81 4.0 .831 .86 3.640' .295 1.036       .765 9.60 9.73 
?.31 6.0 1.034 1.01 4.650| .391 1.378 '      765 7.33 7.31 
8.3» 8.0 1.065 1.03 b.070 .400 1.663 1    .788 5.97 6.05 

11.38 10.0 1.077 1.04 7.36 .538 1.990       .765 5.OS 5.08 
lo.45 16.0 l 1.160 1.08 1(..;- .o33 2.;'3o       .-»5 4.86 4.31 

TABLI  III.- 
OUTtR 

Hi.T-rtC» ASO SkI6-TE6Fth*TUhE.KI5I 
PAUL UAOIIjJ-ISiil IHÜU1AL SYSTU Of 

A.VALT8I6 ro» TJB >no 
THI C-46 AlRPLA» 

" "^ "   r*~ 
1 »—I i 

I» 
«—i L •*• g it Sf ft 

a 
«• •» «• 

I «   w • •» 
.s a is — <~ •*% • 1   • 'M^. 

s 8 •> h- m m 1 J- * T :s 

«i ^ *s Si* s a a r 
3 

M 
9 i i i 

t—8 
i 

83 i 0-3 D.00 3.13 348 1.621 3.89    10.9 O.OidS 10.96 15.10 xo« 
3-7 6.00 3.13 186 1.42    2.88    11.5    .0179 10.71 6.56 104 
7-13 5.00 2.13 156 

350 
l.Ji, 2.96, 11.8.   .0171 
1.62    3.60    11.3 0.3194 

10,50 
11  41 

O.70 
15.60 
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MACA ARR No.  5A03 
TABLE VIII.- SUUUAtU  OF HEAT-FLO*  CALCULATIONS  FOR THE 

WING,   HORIZONTAL ST*9ILUER.   AND VERTICAL FIN 
THERMAL SYSTEMS OF THE C-46 AIRPLANE 

Leading- Va 
ei£e (lb/br) surface VJ-"' 

At 
air tem- 
perature 

rise 
(UF) 

Stabiliser 
Fin 

Leading- 
edfce 

surface 

4130 
2514 
11Z0 

300 
875 
270 

Total heat 
»applied to 
leading-edge 
tneraal "Y"tem 

above 0° F 
(Btu/nr) 

301,000 
167,000 
73,000 

°R 
Total beat 
removed from 
leading-edge 

surface 
(Btu/nr) 

115,500 
33,640 
19,660 

?B x 100 
a 

Percent neat 
removed from 
leading edge 

1 King 
Stabilizer 

!Fin 

V8 

Total beated , Average beat removed 
leading-edge j    from leading-edge 

surface surface 
(eq ft)      |    [Btu/(hr)(sq ft)] 

94.5 
18.9 
14.7 

TABLE IX.-  CALCULATION  OF  HEATED-AIR TEMPERATURE CHANCE 
THROUGH UPPER CORRUGATION   AT WING STATION  82 

OF THE C-46 AIRPLANE 

- -    ••«»    1—£ SS s0ecronS:r.P°uar.6?oor 
•• m    2.13 pounds per secuu». 
c « 14.51 feet 

I - »• 
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figure 43.- A comparison of the straight-Use Interpolation of the 
heated-alr-teqperature change a* used In the analysis with 

a more exact calculation for air In the upper corrugation at iring sta- tion 82, C-46 airplane. 
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